Background: Stand density changes during forest growth. Various types and intensities of thinning operations can be applied in order to improve the volume of the remaining trees. It is not clear whether or not thinning results in better total volume increment although timber value is usually higher when thicker logs are obtained from trees. The objective of this study was to determine if Scots pine (Pinus sylvestris L.) stands of lower density would produce timber of a higher value than stands with a higher density and thinner trees. Methods: The research was carried out on 20 experimental plots in 81-90-year-old Scots pine stands, located in northwestern Poland. The data obtained were used to simulate the logging of the trees into either 2.5-m logs or tree tops, which were classified into five quality classes of timber. The volume of each assortment was calculated, based on its dimensions, and the value in EUR was calculated. Results: It was found that the correlation between stand density and the total value of the wood was very weak and not statistically significant. However, taking each assortment separately, the values of sawmill wood, pulpwood and energy wood were significantly correlated with stand density. Conclusions: It was concluded that lower densities were more profitable for sawmill wood production, while higher densities might be more beneficial in biomass production.
Background
The main goals in timber production are to increase stand growth or improve its quality on a sustainable basis. The control of stand density by thinning and by initial spacing is a major tool for achieving this goal. Stand density is one of only a few factors that can be controlled efficiently for profit. In short, according to Zeide (2004) , forestry is the science of stand density optimisation.
Thinning reduces stand density and increases resource availability to the remaining trees, thus improving their growth (Giuggiola et al. 2013; Kojola et al. 2012; Tahvonen et al. 2013) . Therefore, the impact of thinning on stand productivity has been extensively studied. Research includes findings from multi-annual thinning experiments as well as results based on large inventory data sets from regular commercial forests (Borecki et al. 2016; Castedo-Dorado et al. 2009; Curtis et al. 1997; Mäkinen et al. 2005; Mäkinen and Isomäki 2004a; Nilsson et al. 2010; Zeide 2001) . These studies focused mainly on a comparison of volume growth between stands subjected to thinning operations of different intensities and unthinned control plots. The results obtained have been contradictory, and there has been long-standing controversy as to whether an optimum stand density can be found or whether unthinned stands with a high density are the most productive (Zeide 2004) .
Research indicates that thinning intensity is particularly significant for forest growth (Mäkinen et al. 2005) . Heavy thinning was usually associated with a lower stand volume increment than that found on unthinned control plots (del Río et al. 2008; Mäkinen and Isomäki 2004a; Valinger et al. 2000) . For light thinning, weak or no correlations were found (del Río et al. 2008; Zhang et al. 2007 ). Other studies found that, immediately after thinning, there was a decrease in stand volume growth, typically lasting approximately 10 years, levelling off after this period (Egnell and Ulvcrona 2015) . In addition, greater tree volume growth occurred in the remaining trees if thinning were heavier (Gizachew and Brunner 2011; Kuliešis et al. 2010; Moulinier et al. 2015) . Notably, however, the growth of those trees that remain after heavy thinning or those grown at an initial low density may have poorer wood quality than trees grown at higher densities. Wood qualities affected include wood density, the compressive strength, the modulus of rupture and the strength quality coefficient (Czajka and Fabisiak 2016; Mederski et al. 2015) .
In some studies, the authors found no significant impact of thinning on stand productivity (del Río et al. 2008; Giuggiola et al. 2013; Gizachew and Brunner 2011) or total biomass growth (Routa et al. 2012) . Furthermore, some studies have found that merchantable volume increment remained unchanged or was even higher when stand volume increment decreased as thinning intensity increased (Curtis et al. 1997; Niemistö 2013; Nilsson et al. 2010; Tahvonen et al. 2013; Zeide 2001 ).
The equivocal (or even contradictory) reports on the impact of thinning on stand productivity by various authors may result from differences in experimental conditions and site quality, the species studied, environmental factors, and a diversity in the definitions of density and volume (cumulative, gross, net, total, merchantable) (Zeide 2001) . Changes in forestry treatments over time have also been substantial, including, for example, changes in initial spacing, changes in thinning frequency and intensity, and adjustments to the mechanisation of forest harvesting operations (Mäkinen et al. 2005; Nilsson et al. 2010) .
Most studies on the effect of stand density on productivity have used stand volume increment (in cubic metres) as the measure of productivity. Economically, however, production optimisation should be based on the value of the products, in particular timber assortments (Alegria 2011; Nilsson et al. 2010; Tahvonen et al. 2013; Zeide 2001) .
Scots pine (Pinus sylvestris L.) has the largest geographic distribution of all pine species and is probably the most widely distributed coniferous species in the world (Tahvonen et al. 2013) . It is also an economically important species (e.g. Giuggiola et al. 2013; Mäkinen and Isomäki 2004b; Valinger et al. 2000) . Despite numerous studies on pine stand volume increment, few publications so far have focused on the economic aspects of Scots pine management (e.g. Hurttala et al. 2017; Hyytiäinen et al. 2006; Pasalodos-Tato and Pukkala 2007; Tahvonen et al. 2013) .
The present paper is based on the hypothesis that Scots pine stands of similar age growing under similar habitat and climate conditions, and only distinguished by tree density, will have similar volumes and basal areas, but the value of the products obtained will be higher in the case of lower-density stands.
The objective of the study was to identify correlations between the main parameters of a stand, i.e. diameter at breast height (dbh), tree height, stand volume and basal area, and the total value of the timber assortments obtained from the stand. The assortments analysed included sawmill wood, pulpwood and energy wood, and the analysis was performed in mature commercial Scots pine stands of various densities, ranging from 476 to 836 trees per hectare.
Methods
The research was carried out on 20 sample plots in Scots pine stands (one plot per stand), located in the Drawno Forest District (Fig. 1) , in north-western Poland (E 15°50′-16°0′, N 53°10′-53°13′). The stands were all located in the same complex, established as planted forest, and grown under the same climatic conditions. The average annual rainfall in this area is 589 mm, the average temperature is 7°C and the growing season lasts 200-220 days. It can be assumed that the stands had been established in a similar way (the same initial spacing) and similarly managed (the same owner and manager). Since 1945, the stands have been managed by the State Forests National Forest Holding, and, up until the present day, stands have been thinned once per decade. In the last period, positive thinning was applied to generate the best possible growing conditions for the remaining dominant trees. The experimental plots, 0.5 ha each (Table 1) , were selected so as to make tree density the distinguishing variable.
The plots were established in even-aged, 81-90-year--old, single-species, single-layer stands, growing on the same soil type, classified as Carbic Podzols. The stands had not been thinned over the previous 5 years. In the sample plots, all the diameters at breast height (dbh) were measured (each tree on each plot) and, for 20% of the trees (every fifth tree), the height was also measured. Based on this data, Näslund's height curves were developed to establish the height of the trees in sampled stands (Näslund 1929) . h-height of the tree (m) The parameters k 1 and k 2 , determined for Scots pine in Poland by Rymer-Dudzińska (1994) , were used in the equation.
D-mean diameter of the stand (cm) H-mean height of the stand (m) Every tree was then assigned its individual height derived from the curve. The goodness of fit of the model was determined by the coefficient of determination (R 2 ). For Näslund's height curves of the 20 sample plots, R 2 ranged from 0.703 to 0.986 (mean = 0.849, standard deviation = 0.078).
A database was then created based on the measurements, comprising information on all the trees in the 20 experimental plots (6393 trees in total). Subsequently, the data were used to simulate the classification of the trees into assortments (2.5-m logs and tree tops). These were classified into one of five timber assortments based on the measurements (Table 2) .
For this purpose, the diameters of the logs (under the bark) at the large and small ends and in the middle were calculated. The dbh under the bark was calculated using the dbh measured over the bark and a modifier determined empirically by Bruchwald (1969) for Scots pine in the same forest complex (Drawska Forest).
The stem diameter at any height was calculated based on the dbh and tree height, using the taper model developed by Lee et al. (2003) .
relative height: z = hx/h hx-height along the stem (m) above ground h-total height of the tree (m) The following parameters, determined for Scots pine by Petrauskas et al. (2011) , were used in the equation: k 1 = 1.6102, k 2 = 0.9025, r 1 = 2.7407, r 2 = − 3.8678, r 3 = 2.0559.
The parameters were established for Lithuania where climate conditions are similar to northern Poland. However, to test the goodness of fit of the model, 50 trees (representing whole dbh range) were cut on the sample plots. Following this, the length of the felled trees was measured as well as the diameters every 1 m along the trunk. The diameters obtained were compared with the Lee et al. (2003) formula based on dbh and tree height. The root mean square error (RMSE) for all the trees was 1.08 cm, with range from 0.49 to 1.99 cm. For all the measured diameters, R 2 = 0.989 (N = 997). All the simulated logs from the stems were classified into five assortment types based on their dimensions (Table 2 ). These assortment types included sawmill wood of third thickness class (SM3), sawmill wood of second thickness class (SM2), sawmill wood of first thickness class (SM1), pulpwood (PW) and energy wood (EW) from the tree tops. The total volume of each type of assortment was calculated as the sum of all the log volumes within the same assortment type on the sample plot. The volume calculation of one log was based on the top and bottom diameters and log length; top log volume was obtained from the cone formula.
Subsequently, based on the volume of each assortment type, the value in Euro (EUR) was determined. The assortment types were valued based on the average local timber sale prices in Polish Zloty (PLN), expressed finally in Euro (EUR 1 = PLN 4.1981). For each of the 20 stands analysed, the arithmetic mean dbh, the quadratic mean dbh, the mean height and the top height (mean height of 50 trees with the biggest dbh for each sample plot) were determined, as well as the relative spacing (the ratio of the average distance between the trees to the average dominant height of the stand) by Wilson (1946) , the basal area (in square metre per hectare), the merchantable volume (in cubic metre per hectare), the value of each assortment (in EUR) and the total value of all the assortments from all the trees (in EUR per hectare).
Statistical analyses were performed using the Stats and Agricolae packages of R software (R Core Team 2012). To determine the linear correlation between stand density and selected stand parameters (arithmetic mean dbh, 
Results
Using model simulation, the stems of all the trees on the 20 experimental plots were divided into sections, which were subsequently classified into one of five assortments (Table 2) . For all the assortments, the total volume on the 0.5-ha experimental plots was calculated and converted into values per 1 ha. The mean volume ranged between 1.0 (SW3) and 145.5 (SW1) m 3 ha −1 (Table 3 , Fig. 2 ). For all the stands, the total value of all the assortments was calculated, which ranged between 4506 and 7610 EUR ha −1 (mean 6098). Pearson's coefficients were calculated for correlations between stand density and total timber value on the one hand and selected stand parameters on the other (Table 4 ). All the characteristics analysed had normal distributions at p = 0.05.
Stand density did not correlate with the stand's merchantable volume or basal area. For correlations, arithmetic mean diameter was used, which depends on stand density. Quadratic mean diameter is more similar to basal area, which however does not correlate with density of the stand. A negative correlation was found with the arithmetic mean dbh, mean height and value of sawmill wood, while a positive correlation was found with the value of the pulpwood and value of the energy wood. The total value of the wood did not correlate significantly with the value of the pulpwood or value of the energy wood but was positively correlated with the arithmetic mean dbh, mean height, stand volume, basal area and value of the sawmill wood (Table 4, Fig. 3) .
The correlation between stand density and total value of the wood was very weak and not statistically significant (R 2 = 0.105, p = 0.159). Stand density was significantly correlated with the value of the sawmill wood (R 2 = 0.280, p = 0.016), value of the pulpwood (R 2 = 0.866, p < 0.001) and value of the energy wood (R 2 = 0.918, p < 0.001).
Discussion
As expected, the mean dbh of the trees on the experimental plots had a strong (p < 0.001) negative correlation with the stand density (Table 1) . This association is commonly known and has been reported by multiple authors (e.g. Alegria 2011; Dean et al. 2013; del Río et al. 2001; Kuliešis et al. 2010; Isomäki 2004a, 2004b; Moulinier et al. 2015; Nilsson et al. 2010; Tang et al. 2016; Zeide 2010) . The mean tree height was also negatively correlated with stand density. The correlation was significant but weaker (p = 0.026) than with dbh. Similar results were obtained by other authors, who reported that height was not as strongly correlated with stand density as dbh (Mäkinen and Isomäki 2004a; Stankova and Shibuya 2007; Valinger et al. 2000) or even that there was no correlation at all (Mäkinen et al. 2005) .
No correlation was found between stand density and either stand basal area or merchantable volume (Table 1) . Similar volumes of wood were found in all the stands analysed despite the differences in stand density (between 476 and 836 trees per hectare). This result confirmed the hypothesis that site quality ultimately determines the optimal level of productivity, i.e. similar volumes of mature stands, within a certain range of tree numbers and individual tree volumes.
When analysing the relationship between stand density and volume or basal area, two important factors need to be considered: (1) the age of the stand; and (2) the time from last thinning. For factor (1), the number of trees decreases, while volume and basal area increase with age. Therefore, density and basal area may be strongly correlated in stands of different ages (Gizachew and Brunner 2011) . Comparisons between stands of different densities, but similar ages, yield different results. In these cases, basal area is not dependent on stand density, as corroborated by the present study and by other authors (Curtis et al. 1997; del Río et al. 2008 ). For factor (2), the heavier the thinning, the lower the number of trees remaining. Therefore, greater thinning intensity is associated with larger decreases in stand volume and basal area. These differences are only compensated for after several years, due to the intense growth of the remaining trees (Gizachew and Brunner 2011; Latham and Tappeiner 2002) . In the stands analysed, the total value of the wood was strongly correlated with arithmetic mean dbh (r = 0.711), which, in turn, correlated with stand density (r = − 0.850) ( Table 3) . On this basis, a correlation could also be expected between the total value of the wood and the stand density. However, this correlation proved to be very weak and not statistically significant (Fig. 3) . What might have caused this? First of all, the total value of the wood includes the values of each assortment (SM3, SM2, SM1, PW and EW). The stand density was correlated negatively with the value of the sawmill wood and positively with the values of the pulpwood and energy wood (Fig. 3) . These associations cancelled each other out. The second reason for the weak correlation might have been the small difference between the values of the sawmill wood in each thickness class: €65.0, €56.9 and €48.8 for SM3, SM2 and SM1, respectively (Table 2 ). Larger differences between the assortment values would have resulted in a stronger correlation between the total value of the wood and the stand density (Kangas et al. 2010) .
A previous pilot study (Bembenek et al. 2014) , using the same experimental plots, investigated the value of the 10-m-long butt logs only (round wood, mainly saw logs) from individual trees and the total value per 100 m 3 in three groups of stands with different densities. Statistically significant differences were found among these groups. The wood from the least dense groups of stands had the highest value, while that from the densest groups of stands had the lowest value. The present study was more detailed and compared values of assortments from whole stems, and without stand grouping. However, the results were not so clear in this case (Fig. 3) . The observed differences between the two studies are also due to the fact that the analysis by Bembenek et al. (2014) did not include the top sections of the stems nor the assortment values (PW and EW), which were correlated with the stand density in a different way than in the case of the assortments from the lower sections of the stems (Table 3) .
In some density ranges, a lower stand density could result in higher assortment values (Alegria 2011; Kojola et al. 2012; Zeide 2001) . It is also important to note that the lower stand density obtained at the end of the growing period (before final felling) is a result of more Table 1 ; timber assortment symbols are as in Table 2 intensive thinning during earlier periods of stand development. Therefore, more income was collected from the stands currently characterised by lower density. Unfortunately, it was not possible to reconstruct the history of the analysed stands in order to find out how much timber was obtained from thinning operations throughout the life of the stands. However, it is likely that more timber was collected, and thus more income generated, from the stands that, at the moment, are the least dense. Trees grown in stands of lower densities are particularly important for sawmill wood production. After wood quality, tree dimensions are the most important factor affecting value of sawn timber: the larger the diameter, the higher the price (Carino and Biblis 2009; Mäkinen and Isomäki 2004a; Pasalodos-Tato and Pukkala 2007; Ranković et al. 2013) . Moreover, harvesting trees with larger diameters increases productivity (Mederski et al. 2016 ) and decreasing costs (Karlsson et al. 2015; Mederski 2006; Moulinier et al. 2015) as fewer trees are required to obtain a given volume of wood.
In contrast, higher stand densities may be more beneficial for pulpwood and biomass end uses (Carino and Biblis 2003; Mäkinen et al. 2005; Routa et al. 2012 ).
Timber assortment value also depends on wood quality. Here, stand density has a bi-directional impact. On the one hand, trees growing in denser stands may produce better quality wood due to smaller knots and slower growth (Carino and Biblis 2009; Grace et al. 2015; Mäki-nen et al. 2005) . On the other hand, thinning, which decreases stand density, often eliminates low-quality trees (Gizachew and Brunner 2011; Zeide 2001) .
In the present study, the total value of the wood correlated with arithmetic mean dbh, mean height, stand volume and basal area. However, stand density correlated only with arithmetic mean dbh and mean height (Table 4) . This result demonstrates the complexity of the relationships among parameters, meaning that decisions concerning the optimisation of stand density require the consideration of a variety of factors. First of all, one must identify the final product that is to be obtained. If sawmill wood is the primary focus of production, maintaining a lower stand density index could be more beneficial, especially in older stands, where the risk of growing trees with excessively thick branches is lower. This strategy makes it possible to obtain the highest quality wood from optimal habitats (Wąsik et al. 2016) . Fig. 3 Correlations between value of wood and stand density in Scots pine stands, for all assortments combined, and for sawmill wood, pulpwood and energy wood separately
Conclusions
The strong correlation between the stand density and arithmetic mean dbh indicates that by implementing thinning at various intensities and frequencies, it is possible to grow stands of different densities, which in turn affects the structure of the timber assortments obtained. The lack of correlation between the stand density and basal area and volume means that the trees remaining in the stand after thinning compensate for the losses by growing faster.
The value of the wood was found to be correlated with the dbh, tree height, basal area and stand volume. This means that the dimensional structure of trees is a significant factor in the economic aspects of timber production. The value of the sawmill wood was negatively correlated with the stand density, while the values of the pulpwood and energy wood were positively correlated with the density. This indicates that lower densities are more beneficial in sawmill wood production, while higher densities may be more beneficial in biomass production. However, for very accurate financial differences in the timber value obtained from stands of different density, wood defects and log quality should also be considered. 
